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I n t r o d u c t i o n  

The i n o r g a n i c  c o n s t i t u e n t s  of  l i g n i t e s  f rom t h e  F o r t  U n i o n  R e g i o n  a r e  
d i s t r i b u t e d  w i t h i n  t h e  c o a l  m a t r i x  a s  c a t i o n s ,  c o o r d i n a t e d  s p e c i e s  and  
i i i i i i e ra l s  (i). T h e  q u a n : i t i a a  ui i n o r g a n i c s  p r e s e n t  i n  t h e s e  i i g n i c e s  
h a v e  s i g n i f i c a n t  w i t h i n - m i n e ,  o r  i n t r a m i n e ,  v a r a b i l i t y  (2). S t u d i e s  
h a v e  i n d i c a t e d  t h a t  h i g h - s o d i u m  c o a l s  f r o m  t h i s  r e g i o n  c a u s e  s e v e r e  
a s h  f o u l i n g  of  h e a t  e x c h a n g e  s u r f a c e s  i n  u t i l i t y  b o i l e r s  (2). The 
c o a l s  i n v e s t i g a t e d  w e r e  c o l l e c t e d  f r o m  p i t s  w i t h i n  t h e  G a s c o y n e  Mine ,  
Bowman C o u n t y ,  N o r t h  D a k o t a  and B e u l a h  M i n e ,  M e r c e r  C o u n t y ,  N o r t h  
D a k o t a .  From e a c h  m i n e ,  two s a m p l e s  w e r e  s e l e c t e d  h a v i n g  s i g n i f i c a n t  
d i f f e r e n c e s  i n  s o d i u m  c o n t e n t  and d i f f e r e n t  f o u l i n g  c h a r a c t e r i s t i c s  i n  
u t i l i t y  b o i l e r s .  

The d i s t r i b u t i o n  of  i n o r g a n i c s  c o n s t i t u e n t s  w i t h i n  t h e  Gascoyne  
a n d  B e u l a h  c o a l s  was d e t e r m i n e d  by n o n - q u a n t i t a t i v e  i d e n t i f i c a t i o n  of 
m i n e r a l  m a t t e r  a n d  by c h e m i c a l  f r a c t i o n a t i o n  t o  a s c e r t a i n  any 
s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  a s s o c i a t i o n  of  e l e m e n t s  w i t h i n  t h e  
c o a l s .  In a d d i t i o n ,  t h e  a m o u n t s  of  i o n  e x c h a n g e a b l e  c a t i o n s  were 
r e l a t e d  t o  t h e  c a r b o x y l a t e  c o n t e n t  o f  t h e  c o a l s .  

E x p e r i m e n t  a1 

S a m p l e s  were c o l l e c t e d  a c c o r d i n g  t o  a p r o c e d u r e  u s e d  by Benson (4). 
P r o x i m a t e  a n d  u l t i m a t e  a n a l y s e s  were p e r f o r m e d  on t h e  a i r - d r i e d  c o a l s  
u s i n g  s t a n d a r d  ASTM m e t h o d s  (5). B u l k  c o a l  m i n e r a l o g y  was d e t e r m i n e d  
by x- ray  d i f f r a c t i o n  (XRD) of  & h e  c o a l ' s  l o w - t e m p e r a t u r e  a s h  (LTA) (a) 
a n d  by s c a n n i n g  e l e c t r o n  m i c r o p r o b e  (SEM) i n  c o n j u n c t i o n  w i t h  e n e r g y  
d i s p e r s i v e  x - r a y  a n a l y s i s  (EDX) (L) of  t h e  c o a l .  C a r b o x y l a t e  c o n t e n t s  
were  d e t e r m i n e d  b y  e x c h a n g i n g  t h e  d e m i n e r a l i z e d  c o a l s  (6-1 w i t h  1N 
b a r i u m  a c e t a t e .  f o l l o w e d  b y  p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  0.2N b a r i u m  
h y d r o x i d e  t o  pH 8 . 2 5  t o  d e t e r m i n e  t h e  a c i d  p r o d u c e d  (9). The 
d e t e r m i n a t i o n  of  i n o r g a n i c  c o n s t i t u e n t s  of  t h e  s t a r t i n g  c o a l s  and  
s u b s e q u e n t  r e s i d u e s  was p e r f o r m e d  by x-ray f l u o r e s c e n c e  (XRP) (E) and 
n e u t r o n  a c t i v a t i o n  a n a l y s i s  (NAA) ( 1 1 ) .  The c h e m i c a l  f r a c t i o n a t i o n  
was d o n e  w i t h  a method m o d i f i e d  f r o 7  t h a t  o f  M i l l e r  a n d  G i v e n  (L). 
Two s a m p l e s  of  e a c h  c o a l  were g r o u n d  t o  l e s s  t h a n  a p p r o x i m a t e l y  325 
mesh i n  a n  a l u m i n a  g r i n d e r  a n d  f r e e z e  d r i e d  f o r  two d a y s .  The d r i e d  
c o a l  was mixed  w i t h  100 m l  o f  1N ammonium a c e t a t e  a n d  s t i r r e d  f o r  24 
h o u r s  a t  7 0 ° C  i n  a p l a s t i c  b e a k e r .  The m i x t u r e  was f i l t e r e d ,  t h e  
r e s i d u e  w a s h e d ,  a n d  t h e  e x t r a c t  made u p  t o  250  m l .  The d r i e d  r e s i d u e  
was e x t r a c t e d  two more t imes  w i t h  ammonium a c e t a t e ,  t h e n  tw ice  w i t h  1N 
h y d r o c h l o r i c  a c i d  i n  t h e  same m a n n e r .  A l l  o f  t h e  e x t r a c t s  were  
a n a l y z e d  w i t h  i n d u c t i v e l y  c o u p l e d  a r g o n  plasma s p e c t r o m e t r y  ( I C A P ) .  A 
p o r t i o n  of  t h e  r e s i d u e  l e f t  a f t e r  t h e  ammonium a c e t a t e  e x t r a c t i o n s  and  
a p o r t i o n  l e f t  a f t e r  t h e  h y d r o c h l o r i c  a c i d  e x t r a c t i o n s  were a n a l y z e d  
b y  XRF a n d  N A A .  

210 



I 

, Results and Discussion 
I 
I 

Coal Compositions. Table I shows the initial elemental. proximate, 
ultimate, and carboxylate content analysis of the coals on a moisture 
free basis. 

Table I. Dry Bulk Coal Elemental, Ultimate, Proximate, 
and Carboxylate Analyses 

x 

Gascoyne Gascoyne Beulah Beulah 
LOW High LOW High 
Sodium Sodium Sodium Sodium 

1 3 1 7  
2 9 9 1  
8 7 4 0  

2 8 6 4 0  
1 2 6 0  

1 7 3 7 0  
1 1 8 0  

1 2 3  
3 8 9 0  

59 3 
5 8 . 3  

4 .o 
0 . 8 8  

1 . 7  
1 9 . 6  
15.5 

2 . 4 6  

2 6 9 4  
2 5 8 8  
7 3 0 0  

1 0 9 2 0  
1 4 3 0  

2 2 7 9 0  
5 4 6  
1 6 3  

2 5 4 0  
1 2 6 8  
5 4 . 5  

5 . 2  
0 . 8 4  

1 . 4  
2 9  . 3  

8 . 8  

2 . 5 4  

1 3 7 9  
1 4 7 6  
5 4 2 0  
8 9 5 0  

9 1 6  
1 5 6 1 0  

5 0 3  
5 2  

1 0 2 4 0  
1 7 9  

6 1  .4 
4 . 1  

0 . 4 2  
3 . 2  

1 8 . 2  
1 2 . 6  

2 . 4 7  

4 6 2 5  
9 7 9  

2 8 9 0  
3 5 3 0  
ND* 

1 8 1 1 0  
5 8 3  

2 4  
5 1 6 0  

3 9 7  
6 6  .4  

3 . 6  
0 . 8 7  

1 . 2  
1 9 . 5  

8 . 4  

2 . 7 6  

*ND - Not determined. 

Similarities can be seen between the high-sodium coals versus 
their intramine low-sodium counterparts. In the high-sodium coals. 
the carboxylate,calcium, and barium contents are greater. Magnesium, 

I aluminum, silicon, iron, and ash contents are lower i n  the high-sodium 
coals than in their intramine low-sodium counterparts. 

Coal Mineralogy. The mineralogtes of the coals, determined by x-ray 
diffraction of their low-temperature ashes, are similar. The 

sodium coal. The mineral phases which were in sufficient amounts ( 2 -  
5 %  depending on crystal structure) to be clearly delineated include 
quartz (SiO2), micaceous clay minerals, and pyrite (Pes2). Some 
bassanite ( C a S 0 4 ' 1 / 2  H20) was Identified in the LTA of the Beulah 
coals although it is not clear if this forms from sulfur fixation 
during ashing (11) or from the dehydration of gypsum. The quartz 
peaks are more prominent in the diffractograms of the ash from the 
low-sodium (high-ash) coals. 

In addition to the minerals mentioned above, the SEM-EDX work 
showed minor amounts of dolomite (CaMg(C03)p), calcite (CaC03), gypsum 

I 
i 

I diffractogram shown in Figure 1 is of the LTA of the Gascoyne high 
i 
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(CaS04 '2H20) ,  r u t i l e  ( T i 0 2 ) .  h e m a t i t e  ( F e 2 0 3 )  (7-1, a n d  b a r i t e  ( B a S 0 4 )  
(1). A l s o ,  t h e  m i c a c e o u s  c l a y  m i n e r a l s  i d e n t i f i e d  by XRD w e r e  s e e n  t o  
i n c l u d e  k a o l i n i t e ,  i l l i t e s ,  and m i c a s .  Most  o f  t h e  SEM-EDX work was 
n o t  s y s t e m a t i c  so q u a n t i t a t i v e  c o m p a r i s o n s  b e t w e e n  t h e  c o a l s  w i l l  n o t  
b e  made h e r e .  

Ammonium A c e t a t e  T r e a t m e n t s .  The  p e r c e n t a g e s  of  t h e  e l e m e n t s  removed 
f rom t h e  c o a l s  by t h e  ammonium a c e t a t e  t r e a t m e n t s  a r e  shown i n  T a b l e  
11. The f i g u r e s  f o r  t h e  c a r b o x y l a t e  i o n s  a r e  p e r c e n t a g e s  o f  t h e  
c a r b o x y l  g r o u p s  t h a t  a re  i n  a s a l t  f o r m ,  u n d e r  t h e  a s s u m p t i o n  t h a t  a l l  
o f  t h e  c a t i o n s  removed by t h e  ammonium a c e t a t e  t r e a t m e n t s  were  
e x c h a n g e d  f r o m  t h e s e  s i t e s .  M i n o r  a m o u n t s  of t h e s e  e l e m e n t s  may h a v e  
b e e n  e x c h a n g e d  f r o m  o t h e r  o r g a n i c  a c i d s  o r  m i c a c e o u s  c l a y s ,  o r  may 
h a v e  come f r o m  t h e  d i s s o l u t i o n  o f  m i n e r a l s  s o l u b l e  i n  ammonium a c e t a t e  
s u c h  a s  gypsum, c a l c i t e ,  a n d  d o l o m i t e .  

T a b l e  11. E l e m e n t s  Removed by Ammonium A c e t a t e  ( X )  

Gascoyne  G a s c o y n e  B e u l a h  B e u l a h  
Low H i g h  L o w  H i g h  

Sodium Sodium Sodium Sodium 

Na 100 100 100 100 
Mg 74 75  76  8 4  
A 1  0 0 0 0 
s i  0 1 0 0 
K 2 2  19 7 *31 
Ca 7 8  8 5  8 2  77 
T i  0 0 0 0 
Mn 34 39 25 21 
F e  0 0 0 0 
Ba 39 61 72  88 
C a r b o x y l  g r o u p s  
( X  i n  s a l t  f o r m )  3 8  51 32 35 

*ppm removed 

The  r e s u l t s  i n d i c a t e  a luminum,  s i l i c o n ,  t i t a n i u m ,  a n d  i r o n  a r e  
n o t  removed f rom a n y  of  t h e  c o a l s  by t h i s  t r e a t m e n t .  Among t h o s e  
e l e m e n t s  t h a t  a r e  e x t r a c t e d ,  a h i g h e r  p e r c e n t a g e  of b a r i u m  i s  removed 
f rom t h e  h i g h - s o d i u m  c o a l s  t h a n  f r o m  t h e i r  i n t r a m i n e  low-sodium 
c o u n t e r p a r t s .  However ,  more b a r i u m  i s  removed by e a c h  of  t h e  s e c o n d  
a n d  t h i r d  t r e a t m e n t s  t h a n  by t h e  f i r s t  s o  w e  f e e l  t h a t  t h e  b a r i u m  
e x t r a c t i o n  was i n c o m p l e t e .  A l a r g e  p e r c e n t a g e  o f  t h e  s o d i u m ,  c a l c i u m ,  
and  magnes ium was removed f r o m  a l l  of t h e  c o a l s .  

H y d r o c h l o r i c  A c i d  T r e a t m e n t s .  T a b l e  I11 l i s t s  t h e  p e r c e n t a g e  of 
e l e m e n t s  removed b y  t h e  h y d r o c h l o r i c  a c i d  t r e a t m e n t s .  T h e  e l e m e n t s  
removed by t h i s  t r e a t m e n t  were  a s s o c i a t e d  w i t h  t h e  c o a l  as  o x i d e s ,  
c a r b o n a t e s ,  c o o r d i n a t e d  c o m p l e x e s  w i t h i n  t h e  c o a l  o r g a n i c  s t r u c t u r e  
and  c e r t a i n  e l e m e n t s  (Mg, A l ,  S i ,  K ,  Ca,  F e )  w h i c h  c a n  be e x t r a c t e d  
f r o m  t h e  m i c a c e o u s  c l a y  m i n e r a l s .  

A h i g h e r  p e r c e n t a g e  o f  a luminum was removed f r o m  t h e  h i g h - s o d i u m  
( l o w - a s h )  c o a l s  t h a n  f r o m  t h e  c o r r e s p o n d i n g  i n t r a m i n e  low-sodium 
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T a b l e  111. E l e m e n t s  Removed by H y d r o c h l o r i c  A c i d  ( X )  

Na 
Mg 
A 1  
s i  
K 
Ca 
T i  
Mn 
Fe  
Ba 

*ppm removed 

G a s c o y n e  
L O W  

Sodium 

0 
12 
42 

3 
30 
20 

4 
64 
1 3  
43 

G a s c o y n e  
High  

Sodium 

0 
16 
51 
12 
41 
14 

7 
60 
6 8  
39 

B e u l a h  
L O W  

Sodium 

0 
17 
60  
14 
19 
17 

5 
69 
37 
16 

B e u l a h  
H i g h  

Sodium 

0 
1 6  
8 0  
1 2  

*206 
22 

2 
76  
4 2  
1 2  

( h i g h - a s h )  c o a l s .  A l t h o u g h  more a luminum was a c t u a l l y  removed f r o m  
t h e  low-sodium c o a l s ,  w e  f e e l  t h a t  t h e  s o l u t i o n s  were n o t  s a t u r a t e d  
b e c a u s e  much l o w e r  l e v e l s  o f  a luminum were f o u n d  i n  t h e  s e c o n d  
e x t r a c t s  t h a n  i n  t h e  f i r s t .  I n s t e a d ,  w e  b e l i e v e  t h a t  t h e  h i g h e r  
r e l a t i v e  r e m o v a l  f r o m  t h e  h i g h - s o d i u m  c o a l s  i s  d u e  t o  d i f f e r e n c e s  i n  

r a t i o  of  a luminum t o  s i l i c o n  removed ( 4 : l  - 1 4 : l )  d o e s  n o t  m a t c h  t h e  

t h e  m i c a c e o u s  c l a y s  h a v e  n o t  d i s s o l v e d  b u t  t h a t  a s e l e c t i v e  a t t a c k  h a s  
o c c u r r e d  on  t h e  g i b b s i t e  ( a l u m i n u m  c o n t a i n i n g )  l a y e r  i n  t h e  m i c a c e o u s  
c l a y s .  

I n s o l u b l e s .  T a b l e  I V  shows t h e  e l e m e n t a l  p e r c e n t a g e s  l e f t  i n  t h e  
r e s i d u e  a f t e r  t h e  c h e m i c a l  f r a c t i o n a t i o n  p r o c e s s .  

I t h e  t y p e s  o f  m i c a c e o u s  c l a y  m i n e r a l s  p r e s e n t .  I n  a l l  t h e  c o a l s  t h e  

I r a t i o s  f o u n d  i n  common m i c a c e o u s  c l a y  m i n e r a l s .  T h i s  i n d i c a t e s  t h a t  

I 
L i t t l e  o r  n o  s o d i u m ,  magnes ium,  c a l c i u m ,  a n d  manganese  r e m a i n  i n  

t h e  c o a l s .  X-ray d i f f r a c t i o n  of  t h e  low t e m p e r a t u r e  a s h  o f  t h e  
r e s i d u e  f r o m  t h e  G a s c o y n e  h i g h - s o d i u m  c o a l  shows t h a t  t h e  m a j o r  
r e m a i n i n g  m i n e r a l s  a r e  t h e  same a s  t h o s e  s e e n  i n  t h e  LTA of  t h e  b u l k  
c o a l ;  i . e . ,  q u a r t z  ( S i 0 2 ) ,  m i c a c e o u s  c l a y s ,  a n d  p y r i t e  ( P e s 2 ) .  Work 
d o n e  w i t h  t h e  SEM-EDX s u g g e s t s  t h a t  t h e  p o t a s s i u m  r e m a i n i n g  i n  t h e  
r e s i d u e  i s  f o u n d  i n  t h e  m i c a c e o u s  c l a y s ,  t i t a n i u m  i n  a r u t i l e  f o r m  
( T i 0 2 ) ,  a n d  t h e  b a r i u m  p r e s e n t  as b a r i t e  ( B a S 0 4 ) ( L ) .  I t  i s  
i n t e r e s t i n g  t h a t  no b a r i u m  i s  l e f t  i n  t h e  h i g h - s o d i u m  c o a l s  e v e n  
t h o u g h  t h e y  o r i g i n a l l y  c o n t a i n e d  more b a r i u m  t h a n  t h e  l o w - s o d i u m  
c o a l s .  

Conclueione 

The amount and mode o f  o c c u r r e n c e  of  i n o r g a n i c s  i n  l i g n i t e s  c a n  h a v e  a 
p r o n o u n c e d  e f f e c t  on  t h e  e f f i c i e n c y  of  t h e  c o a l ' s  u t i l i z a t i o n .  T h i s  
s t u d y  u s e d  a number of t h e  t e c h n i q u e s  d e v e l o p e d  by o t h e r s  t o  
i n v e s t i g a t e  v a r i a t i o n s  i n  t h e  i n o r g a n i c  makeup o f  c o a l s  f o u n d  i n  two 
a reas  w i t h i n  e a c h  of two m i n e s .  By b e t t e r  u n d e r s t a n d i n g  t h e s e  

I 
J 

i 
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T a b l e  IV. E l e m e n t s  R e m a i n i n g  A f t e r  A l l  T r e a t m e n t s  ( X )  

Na 
Mg 
A 1  
s i  
K 
C a  
T i  
Mn 
FP- 
Ba 

G a s c o y n e  G a s c o y n e  B e u l a h  B e u l a h  
Low H i g h  LOW H i g h  

Sodium Sodium Sodium Sodium 

0 
1 4  
5 8  
97  
4 8  

2 
96  

2 
2 7  
1 8  

0 
9 

49 
8 7  
40 

1 
9 3  

1 

0 
11 
.,A 

0 
7 

40 
86 
74 

1 
9 5  

6 
6 3  
1 2  

0 
0 

20 
88 

* N D  
1 

9 8  
3 

58 
0 

*Not d e t e r m i n e d .  

v a r i a t i o n s ,  i n s i g h t s  into t h e  v a r i o u s  d e p o s i t i o n a l  a n d  p o s t  
d e p o s i t i o n a l  p r o c e s s e s  may be g a i n e d .  A l s o ,  u n d e r s t a n d i n g  t h e  modes 
of  o c c u r r e n c e  of  t h e  i n o r g a n i c  c o n s t i t u e n t s  of a c o a l  may h e l p '  i n  
d e t e r m i n i n g  i t s  a p p r o p r i a t e  u t i l i z a t i o n .  

A c o m p a r i s o n  of  t h e  e l e m e n t a l  a s s o c i a t i o n s  b e t w e e n  t h e  h i g h -  
s o d i u m  c o a l s  a n d  t h e i r  i n t r a m i n e  low-sodium c o u n t e r p a r t s  shows:  

1 .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  modes of  o c c u r r e n c e  o f  t h e  
i n o r g a n i c  c o n s t i t u e n t s  e x i s t ,  o n l y  d i f f e r e n c e s  in t h e  
a m o u n t s  o f  i n o r g a n i c  s p e c i e s .  

2 .  A h i g h e r  p e r c e n t a g e  of  a luminum i s  e x t r a c t e d  f r o m  t h e  h i g h -  
s o d i u m  c o a l s  i n d i c a t i n g  d i f f e r e n t  t y p e s  o f  p r e d o m i n a n t  
m i c a c e o u s  c l a y  m i n e r a l s .  

3 .  A h i g h e r  p e r c e n t a g e  of b a r i u m  i s  a s s o c i a t e d  w i t h  ion 
e x c h a n g e  s i t e s  i n  t h e  h i g h - s o d i u m  c o a l s .  

F u r t h e r  work  n e e d s  to b e  d o n e  i n  d e t e r m i n i n g  t h e  e x a c t  
m i n e r a l o g i c  makeup and t y p e s  of  o r g a n i c  a c i d s  f o u n d  i n  t h e  c o a l s ,  a s  
w e l l  a s  a c c u m u l a t i n g  more  d a t a  f r o m  w h i c h  t o  draw f u r t h e r  c o n c l u s i o n s .  
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I 

The objec t ive  of these  s t u d i e s  was t o  develop new methods f o r  t h e  e luc ida t ion  of the 
organic s t r u c t u r e  of l o r r a n k  coa ls ,  espec ia l ly  with regard t o  the  nature  of  the 
hydroaromatic groups, the  subs t i tuent  groups on aromatic  moiet ies  and br idging 
groups between aromatic moiet ies .  I s o l a t i o n  of the  nonaromatic groups in coal  could 
be achieved i f  the aromatic r ings i n  the s t r u c t u r e  could be oxidized without 
degrading the a l k y l  s u b s t i t u e n t s  on the aromatic r ings .  S e l e c t i v e  oxidat ion of the 
benzene r ing has  been observed i n  reac t ions  with t r i f l u o r o p e r a c e t i c  acid (L); 
however the severe condi t ions required with t h i s  reagent r e s u l t  i n  extensive 
degradation of the a l k y l  groups (2). Thus t e t r a l i n  gave succ in ic .  g l u t a r i c ,  and 
ad ip ic  ac ids  i n  the r a t i o  1:4:4(3). Confusion a l s o  resu l ted  from t h e  i s o l a t i o n  of 
d i f f e r e n t  products when d i f f e r e n t  acid concentrat ions were used i n  the oxida t ion ,  
e.g. cyclohexene-1,2-dicarboxylic anhydride was reported as  the product from 
t e t r a l i n  (L). 

Ruthenium t e t r o x i d e  is a usefu l  reagent f o r  the  oxidat ion of a lcohols ,  e t h e r s ,  
aldehydes, amides, alkenes and aromatic compounds (6). I n  the case of 
alkylbenzenes, the benzene r ing  is p r e f e r e n t i a l l y  a t tacked,  preserving any a lkyl  
subs t i tuents  a s  a l i p h a t i c  carboxyl ic  ac ids .  Stock has reported the  oxidat ion of 
I l l i n o i s  No. 6 coal  (z) using ruthenium te t roxide  i n  a coordinat ing cosolvent ,  
a c e t o n i t r i l e ,  which enabled the  oxidat ion t o  proceed with much higher  conversions 

We have reported the use of the ruthenium t e t r o x i d e  with a phase t r a n s f e r  
c a t a l y s t ,  a quaternary ammonium s a l t ,  i n  a carbon tetrachloride-aqueous system f o r  
the  ana lys i s  of a lkylnaphthalenes and a North Dakota l i g n i t e  sample (2). The phase 
t r a n s f e r  c a t a l y s t  t ranspor t s  the  primary oxidant (per ioda te)  i n t o  the  organic phase 
a s  w e l l  a s  removes the  carboxylate  products from the organic  phase. Improvement of 
the  yield is bel ieved t o  r e s u l t  from the avoidance of an i n a c t i v e  complex formed by 
the acid products with the ruthenium tetroxide.  This method was used previously f o r  
the  synthesis  of f a t t y  ac ids  from 1-alkenes (I?. 

A number of model compounds were oxidized with ruthenium t e t r o x i d e  i n  t h e  two- 
phase system so t h a t  the  method could be evaluated and compared with ruthenium 
te t roxide  oxidat ion I n  a c e t o n i t r i l e .  Reactions were c a r r i e d  out  as  reported e a r l i e r  
(3). Methods which did not requi re  d e r i v a t i z a t i o n  were devised f o r  the ana lys i s  of 
the  react ion products .  The aqueous layer  was analyzed on an ion  moderated reverse  
phase HPLC column (Aminex HPX-87H) using 0.008 N H2S04 as  t h e  e luent  (1 ml/min) 
( r e f r a c t i v e  index de tec t ion) .  3-Methyladipic ac id  was added a s  an i n t e r n a l  s tandard 
and the system was ca l ibra ted  f o r  malonic, succ in ic ,  g l u t a r i c ,  a d i p i c ,  and phtha l ic  
ac ids  ( s ing le  l e v e l  c a l i b r a t i o n ) .  The aqueous layer  was a l s o  analyzed by GC with an 
AT-1000 phase fused s i l i c a  c a p i l l a r y  column. This column was ca l ibra ted  f o r  
benzoic, phenylacet ic  and hydrocinnamic ac ids  using 2-methylbutyric acid as the 
i n t e r n a l  s tandard (mul t i leve l  c a l i b r a t i o n ) .  The carbon t e t r a c h l o r i d e  layer  was 
analyzed on an SE54 fused s i l i c a  column ca l ibra ted  f o r  the  aromatics ,  hydroaromatics 
and ketones and on t h e  AT1000 column f o r  the same ac ids  as above. Diphenic ac id  was 
extracted from the  carbon t e t r a c h l o r i d e  layer  with NaOH and analyzed by weighing the 
c r y s t a l s  obtained a f t e r  a c i d i f i c a t i o n  of the e x t r a c t .  

High conversions were observed f o r  the model compounds oxidized with Ru04 i n  the 
two-phase system with a phase t r a n s f e r  c a t a l y s t  (Table  I). The conversions f o r  
diphenylmethane and bibenzyl were a l i t t l e  higher  than when a c e t o n i t r i l e  was used as 
the  solvent .  Another ind ica t ion  of higher r e a c t i v i t y  f o r  ruthenium te t roxide  in the  

(2). 
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Table I. Oxidation of Model Compounds With Ruthenium Tetroxide and Phase Transfer  
Cata lys t  (PT ca t . )  

Compound 

Indan 

T e t r a l i n  

Diphenylmethane 

Bibenzyl 

Phenanthrene 

Conversion 

100% 

100% 

80% 

90% 

100% 

Product 

1-Indanone 
G l u t a r i c  Acid 
Succinic  Acid 

1-Tetralone 
Adipic Acid 
G l u t a r i c  Acid 

Ecnzcphanone 
Phenylacet ic  Acid 
Benzoic Acid 

Benzil 
Succinic  Acid 
Hydrocinnamic Acid 
Phenylacet ic  Acid 
Benzoic Acid 

Phenanthrenequinone 
Diphenic Acid 
Phtha l ic  Acid 

Product D i s t r i b u t i o n  
PT Cat. Acetoni t r i lea  

31 16 
64 77 

5 7 

26 8 
50 75 
24 17 

:E 3: 
70 41 
12 4 

1 
43 
45 

2 
10 

Trace 
35 
6 3  
I -- 

2 4 
92 91 

6 5 

a = Data from reference  5 .  

two-phase system over t h e  a c e t o n i t r i l e  system is the  g r e a t e r  y i e l d  of succ in ic  acid 
a s  compared with hydrocinnamic acid i n  the  oxidat ion of bibenzyl. 

Oxidation of t h e  a l k y l  s u b s t i t u e n t  groups a t  the  -carbon t o  g ive  the a r y l  
ketone occurred in a l l  model compounds. This was observed t o  a g r e a t e r  ex ten t  with 
indan and t e t r a l i n  and t o  a l e s s e r  ex ten t  with diphenylmethane, as  compared t o  the  
oxidat ion c a r r i e d  out with a c e t o n i t r i l e  cosolvent. The r a t i o  of g l u t a r i c  t o  
succ in ic  ac ids  r e s u l t i n g  from the oxidat ion of indan w a s  g r e a t e r  than 10 t o  1 f o r  
both oxidat ion condi t ions .  The r a t i o  of ad ip ic  t o  g l u t a r i c  ac ids  from t h e  oxidat ion 
of t e t r a l i n  was higher  when a c e t o n i t r i l e  was used. The s e l e c t i v i t y  of the  ruthenium 
te t roxide  reagent f o r  a r y l  versus  a l k y l  a t t a c k  thus v a r i e s  i n  the two methods with 
the  type of s u b s t r a t e  being oxidized.  Oxidation of the  PAH, phenanthrene, showed no 
di f fe rence  in product d i s t r i b u t i o n  between the two systems. 

The oxidat ion of l i g n i t e  (Beulah mine) with ruthenium te t roxide  proceeded 
rapidly a t  room temperature. The products from the oxidat ion in the  aqueous layer  
could not  be analyzed d i r e c t l y  by the  HPLC method because t h e  s o l u t i o n  was too 
d i lu te .  Diazomethane in e t h e r  was s t i r r e d  with the aqueous layer  f o r  two hours t o  
convert the  a c i d s  t o  e t h e r  so luble  e s t e r s ,  which were analyzed by GC (DB1701 
c a p i l l a r y  Column) ( s e e  Figure 1 ) .  Table I1 lists major components and the r e l a t i v e  
GC peak area  percentages.  

The major components were a l i p h a t i c  dicarboxyl ic  ac ids  and benzene 
polycarboxylic ac ids .  Very low concentrat ions of a l i p h a t i c  monocarboxylic ac ids  
were formed. Since s u c c i n i c  ac id  is present  in the  l a r g e s t  concentrat ions of the 
d iac ids ,  we may i n f e r  t h a t  a major s t r u c t u r a l  f e a t u r e  of the  l i g n i c e  is a 
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i TABLE I1 

CARBOXYLIC ACIDS FROM Ru04 OXIDATION OF BEULAH LIGNITE (See Figure 1) 

Peak No. Compound (as methyl ester) Area, % 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

siccinic 
methylsuccinic 
glutaric 
methyl glutaric 
adipic 
unknown 
phthalic 
terephthalic 
isophthalic 
unknown 
benzene-1,2,4-tricarboxylic 
benzene-1,2,3-tricarboxylic 
benzene-1,3,5-tricarboxylic 
benzene-1,2,4,5-tetracarboxylic 
benzene-1,2,3,4-tetracarboxylic 
benzene-1,2,3,5-tetracarboxylic 
benzene pentacarboxylic 

10.7 
1.1 
7.6 
1 .o 
2.7 
7.7 
0.7 
0.4 
0.2 
3.2 
3.4 
4.2 
0.7 
5.7 
4.5 
5.7 
7.3 

A 

I 

dimethylene bridge occurring between aromatic moieties or present in a hydroaromatic 
such as 4,s-dihydropyrene. The model compound studies with diphenylmethane show 
that this method is limited in its applicability t o  the determination of single 
methylene bridges. Since malonic acid was produced in only trace amounts from 
oxidation of diphenylmethane, the absence of malonic acid in the lignite oxidation 
products does not rule out methylene bridges bewteen aromatics in the coal. 

The greater amounts of benzenepolycarboxylic acids relative to the 
benzenedicarboxylic acids which would be expected from naphthalene oxidation may 
seem surprising, however some of the acid groups were undoubtedly present in the 
coal before the oxidation. This aspect is being studied by labeling the original 
acid groups. 

In order to fully interpret the results of the lignite oxidatton with this 
reagent, the oxidation of several more model compounds will be studied. 
Quantitation of the methyl esters of the products from the lignite oxidation is also 
in progress. 

\ 
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Figure 1. 
Beulah 3 l i g n i t e .  DB1701 (0 .25  !J) FSOT 15m x 0 .32  mm. On-column in jec t ion .  
FID. H2 carr ier  ( 4 1  cm/sec a t  Z40°C).  

Methyl e s t e r s  of  products of ruthenium tetroxide oxidation of 
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FUEL NITROGEN EVOLUTION: COUPLING BETWEEN RANK AND HEATING CONDITlONS.J.F.Freihaut, 

United Technologies Research Cen te r ,  Eas t  H a r t f o r d ,  CT 06108. 

bo th  hea ted  g r i d  and f l a s h  lamp a p p a r a t i .  
low v o l a t i l e  bi tuminous and a n t h r a c i t e  samples have been i n v e s t i g a t e d .  
temperatures  of 400 t o  1500 C were obtained wi th  t h e  hea ted  g r i d  and h e a t i n g  r a t e s  
approaching 106 Clsec i n  t h e  f l a s h  lamp appa ra tus .  In i n e r t  c o n d i t i o n s  and moderate  
h e a t i n g  r a t e s  (103 OCIsec or l e s s )  t h e  e v o l u t i o n  of f u e l  n i t rogen  m i r r o r s ,  on a mass 
f r a c t i o n  b a s i s ,  t h e  e v o l u t i o n  of pa ren t  c o a l  a s  c h a r ,  t a r  o r  l i g h t  gas. The e v o l u t i o n  
of f u e l  n i t rogen  as a l i g h t  gas  is observed t o  be coupled t o  t h e  f a t e  of primary tars  
a s  they  evolve.  Thus t h e  e v o l u t i o n  of f u e l  n i t r o g e n  a s  a l i g h t  gas du r ing  p y r o l y s i s  
is observed to  be rank dependent v i a  t h e  thermal  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  
par imary tars. 

A range of c o a l s  from a v a r i e t y  of geo log ic  p rov inces  have been d e v o l a t i l i z e d  using 
L i g n i t e ,  sub-bituminous,  h igh ,  medium and 

F i n a l  p a r t i c l e  
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F lash  P y r o l y s i s  o f  Ce l l u lose  i n  a M ic ro  F l u i d i z e d  Bed 

T. Funazukuri,  R.R. Hudgins and P.L. S i l ves ton  

Department o f  Chemical Engineer ing 
U n i v e r s i t y  of  Waterloo 

Waterloo, Ontar io ,  Canada N2L 361 

INTRODUCTION 

Short con tac t  t ime or f l a s h  p y r o l y s i s  i s  one o f  the a l t e r n a t i v e s  under 
cons ide ra t i on  f o r  t h e  conversion o f  biomass i n t o  l i q u i d  or gaseous f u e l ,  or 
perhaps i n t o  chemicals feedstock. A v a r i e t y  of compounds are formed i n  f l a s h  
p y r o l y s i s  so t h a t  i t  would be des i rab le  t o  be able t o  p r e d i c t  y i e l d s  o f  a t  l e a s t  
t h e  major products  as a f u n c t i o n  o f  t h e  p y r o l y s i s  dev ice and opera t i ng  
cond i t i ons  such as hea t ing  r a t e  o f  t he  biomass, f i n a l  temperature, p a r t i c l e  
s i ze ,  gas phase composit ion. As a c o n t r i b u t i o n  t o  t h i s  goal, t h i s  paper 
considers t h e  f l a s h  p y r o l y s i s  o f  m ic ro  c r y s t a l l i n e  c e l l u l o s e  powder and 
p a r t i c l e s  i n  a f l u i d i z e d  bed. By f l a s h  py ro l ys i s ,  we r e f e r  t o  hea t ing  r a t e s  ( a t  
t h e  p a r t i c l e  sur face)  g rea te r  than 100°C/s, f i n a l  temperatures genera l l y  g rea te r  
than 5OO0C and con tac t  t imes o f  the order o f  1-2 seconds or less.  Compared w i t h  
t h e  vast  l i t e r a t u r e  on slow p y r o l y s i s  o f  c e l l u l o s e  the  l i t e r a t u r e  on f l a s h  
p y r o l y s i s  i s  very small .  A few s tud ies  have been made us ing a Pyroprobe or a 
Cur ie  p o i n t  p y r o l y z e r  ( I g l a u e r  e t  a l .  (1974); Ohnishi e t  al., (1975) Hileman e t  
al., (1979) and a f l u i d i z e d  bed (Barooah and Long, 1976); Maa and B a i l i e ,  
(1978); Sco t t  and Piskorz.  (1981.) I r r a d i a t i o n  was used by M a r t i n  (1965) and 
Shivadev and Emmons (1974) as a heat source. Lewellen e t  a l .  (1977) and 
H a j a l i g o l  e t  a l .  (1982) pyro lyzed f i l t e r  paper suspended between two massive 
e lect rodes.  The l a t t e r  team succeeded i n  producing q u i t e  a wide range o f  
temperatures and h e a t i n g  ra tes .  Un fo r tuna te l y ,  i n  most past s tud ies,  weight  
l o s s  measurement and ana lys i s  o f  v o l a t i l e  products  were no t  c a r r i e d  out 
simultaneously. Indeed, i d e n t i f i c a t i o n  o f  v o l a t i l e  products u s u a l l y  came from 
i n v e s t i g a t i o n s  where t h e  p y r o l y s i s  reac t i ons  went nea r l y  t o  completion. I n  such 
cases, t h e  product  d i s t r i b u t i o n  might r e s u l t  from no t  on ly  c e l l u l o s e  p y r o l y s i s  
bu t  a l so  f r a n  secondary crack ing and perhaps even char g a s i f i c a t i o n .  

EXPERIMENTAL SYSTEM, ANALYTICAL TECHNIQUES AND STUDY MATERIALS 

F igu re  1 shows the f l u i d i z e d  bed system used i n  t h i s  study. D e t a i l s  
of the bed i t s e l f  a re  g iven i n  F igu re  2. The assembly shown i n  F igu re  2 was 
b u i l t  by Sco t t  and P isko rz  (1981) and used by them t o  study the f l a s h  p y r o l y s i s  
o f  coal and wood. 

P y r o l y s i s  occurs i n  a bed o f  f l u i d i z e d  sand supported by a porous 
s t a i n l e s s  s t e e l  d i s t r i b u t i o n  p la te .  The ne t  reac to r  volume i s  23 mL. 
F l u i d i z i n g  gas i s  i n t roduced  from t h e  bottom through a preheat ing tube 1 meter 
i n  length.  As F i g u r e  1 shows, the  reac to r  s i t s  i n  a three-zone L indberg 
e l e c t r i c  tube furnace, 91 cm i n  length. The reac to r  was loca ted  i n  the upper 
zone and the p rehea t ing  tube o f  t he  reac to r  was s i t u a t e d  i n  the  bottom two zones 
and was s u f f i c i e n t  t o  heat up the  f l u i d i z i n g  gas t o  bed temperature before i t  
entered the reac to r .  

The 1 m  r a t e  of  c e l l u l o s e  feed needed f o r  t he  system was achieved 
us ing  an entrainment feeder described by Scot t  and Piskorz (1981). Feed r a t e  

222 



/ 

> could be ad jus ted  from 5 t o  100 g/h w i t h  t h i s  u n i t .  
c a r r i e r  gas en tered  the  bed through the  cent ra l ,  downwardly d i r e c t e d  tube i n  
F igure  2. The t i p  o f  t h i s  tube was immersed i n  the  f l u i d i z e d  sand. The 
concent r i c  tube, t e r m i n a t i n g  i n  a 6.3 mn 0.d. o u t l e t  was o r i g i n a l l y  supposed t o  
in t roduce a c o l d  quench gas i n t o  the  reac tor .  I n  t h i s  study, it served as 
sampling l i n e  t o  a Car le  G.C. w i t h  a heated sampling loop. T h i s  G.C. 
p e r i o d i c a l l y  sampled t h e  o f f  gas and was used t o  insure  the assembly operated a t  
steady state.  

Most o f  the  v o l a t i l e  products and gas in t roduced t o  f l u i d i z e  the  sand 
bed and t o  e n t r a i n  the  c e l l u l o s e  feed l e f t  the  r e a c t o r  through the  12.7 mn 0.d. 
o u t l e t  seen i n  F igure  2. This o u t l e t  was connected t o  the  f i r s t  o f  th ree ,  
water-cooled glass condensers by about 40 cm o f  Te f lon  tubing. Almost a l l  t h e  
t a r  formed and the  char e l u t e d  from the bed was trapped i n  t h e  condensers or  i n  
t h e  connect ing tubing. 

was c o l l e c t e d  i n  an i n f l a t a b l e  bag. 

C e l l u l o s e  e n t r a i n e d  i n  

The remaining t a r  was caught i n  a g l a s s - w o o l - f i l l e d  
I column. A f t e r  passing through two f u r t h e r  columns t o  s t r i p  out water, the  gas 

A run using t h i s  equipment l a s t e d  about 30 minutes once steady s t a t e  
was establ ished. Weighing prov ided the  amount o f  c e l l u l o s e  f e d  t o  t h e  f l u i d i z e d  
bed and the  char caught i n  t h e  bed. Washing o f  the  glass wool, t u b i n g  and 
condensers w i t h  ethanol  provided a measure o f  the  char e l u t e d  (by weighing t h e  
res idue on f i l t e r i n g  t h e  s o l v e n t )  and o f  the t a r  formed by weighing t h e  r e s i d u e  
a f t e r  f i l t e r i n g  and evapora t ing  t h e  so lvent .  
and measurement o f  the  gas volume gave t h e  non-condensible, v o l a t i l e  products 
produced. 

Analyses were performed us ing  a dual channel GC equipped w i t h  a 1.83-111 
100/120 mesh Porapak T column on one channel and a 1.83-111 80/100 mesh Porapak Q 
column i n  the  other.  Both channels used FID's and temperature programming was 
employed. A second chromatograph equipped w i t h  a 1.83-111 mesh 5A molecular s ieve  
column was a l s o  used on the gas bag t o  measure CO, C02 and water. 

This reagent creates a v o l a t i l i z a b l e  compound from levoglucosan; other t a r  
compounds are a l s o  converted t o  v o l a t i l i z a b l e  substances by s i l y l a t i o n .  
S i l y l a t e d  t a r  s o l u t i o n  was i n j e c t e d  onto e i t h e r  a 1.83-111 6% OV-101 on 80/100 
mesh Chromosorb colunm or  a s i m i l a r  Chromosorb column treated. w i t h  6% SE-52. 
Peak i d e n t i f i c a t i o n  was by means o f  pure levoglucosan d isso lved i n  N - t r i m e t h y l  
s i  l y l i m i d a z o l e .  

was the  pr imary t e s t  m a t e r i a l .  C e l l u l o s e  p a r t i c l e s ,  as a 20/40 mesh m a t e r i a l  
were made by p e l l e t i z i n g  the  MCP i n  a press, c rush ing  the  p e l l e t s ,  and then 
sieving. The p a r t i c l e s  permi t ted  a t e s t  of a p a r t i c l e  s ize  on product 
d i s t r i b u t i o n  and p y r o l y s i s  r a t e  t o  be made. L i m i t a t i o n s  o f  a t t a i n a b l e  
f l u i d i z a t i o n  v e l o c i t y  l i m i t e d  t h e  s i z e  t o  20/40 mesh. 

C e l l u l o s e  conversion and product d i s t r i b u t i o n  were measured a t  
f l u i d i z e d  bed temperatures between 310 and 770°C. Most experiments were 
performed i n  an N2 atmosphere, but measurements were made as w e l l  w i t h  CO, 
CO2 and a H2-N2 m i x t u r e  as the  f l u i d i z i n g  gas. 
i n  the  bed was not l e s s  than 0.5 s ( the  residence t ime of t h e  f l u i d i z i n g  gas i n  
the bed), and probably d i d  not exceed 2 t o  3 seconds. Based on work w i t h  coa l ,  

GC ana lys is  o f  t h e  gas beg conten t  

Tar samples were t r e a t e d  w i t h  N- t r imethy l  s i l y l i m i d a z o l e  i n  p y r i d i n e .  

A m i c r o c r y s t a l l i n e  c e l l u l o s e  (MCP) fu rn ished as a 200/270 mesh powder 

Contact t ime o f  c e l l u l o s e  
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Tyler (1979) es t imates  t h a t  the  heat ing  r a t e  o f  f i n e  p a r t i c l e s  i n  a f l u i d i z e d  
bed must be grea ter  than 1°C/ms. 

EXPERIMENTAL RESULTS 

CO, C02 and H2 p y r o l y s i s  y i e l d s  from c e l l u l o s e  powder a re  shown i n  
F igure  3. The carbon oxides are the  major products. H2 y i e l d s  are t h e  same 
order of magnitude as the  hydrocarbon y i e l d s .  A t r a n s i t i o n  i n  behaviour occurs 
around 500'C. Above t h i s  temperature the  CO y i e l d s  inc rease a t  slower r a t e  b u t  
t h e  C02 y i e l d s  l e v e l  o f f .  Char y i e l d s  were l e s s  than 10 w t %  o f  t h e  sample fed  
above 5OOOC so t h a t  p y r o l y s i s  i s  e s s e n t i a l l y  complete. The abrupt change i n  t h e  
C02 y i e l d  r e f l e c t s ,  e v i d e n t l y ,  complet ion o f  the  c rack ing  reac t ion .  

Y ie lds  o f  l i g h t  hydrocarbon by carbon number vs temperature appear i n  
F igure  4. A change i n  s lope a t  about 500°C i s  ev ident .  With the  except ion o f  
f l a t t e n i n g  o f  the  C3 and C 4  y i e l d s  above 7OO0C, t h e  l i g h t  hydrocarbon 
behaviour resembles t h e  y i e l d  behavinur seen fnr CO. Prehah!y cracking c?f 
C3+ hydrocarbons a t  7OO0C+ accounts f o r  t h e  f l a t t e n i n g  observation. 

The major l i q u i d  oxygen-bearing molecules detected were acetaldehyde, 
acro le in ,  f u r a n  and acetone. While H a j a l i g o l  e t  a l .  (1982) measured r e l a t i v e l y  
h igh  methanol y i e l d s ,  1 w t %  o f  the  pure c e l l u l o s e  sample, t h e  y i e l d s  i n  t h i s  
study were as low as 0.1 w t %  o f  t h e  sample. F i g u r e  5 .  shows y i e l d s  o f  
acetaldehyde w h i l e  F i g u r e  6 shows those o f  acetone p l o t t e d  versus temperature. 
Data f o r  MCP powder and 20/40 mesh p e l l e t s  are p l o t t e d  together.  P a r t i c l e  s i z e  
q u i t e  c l e a r l y  does n o t  a f f e c t  y i e l d .  Measurements taken i n  d i f f e r e n t  
atmospheres a r e  a l s o  shown. Once again, the  atmosphere surrounding t h e  
p y r o l y z i n g  m a t e r i a l  does no t  change the  y i e l d  temperature behaviour. Both these 
observat ions apply t o  t h e  CO, C02 and H2 y i e l d s  and f o r  the  l i g h t  
hydrocarbons. 

Acetaldehyde y i e l d  data (F igure  5) resembles t h a t  f o r  CO, w h i l e  t h e  
acetone y i e l d s  are much more l i k e  the  data obtained f o r  C02 (F igure  3). 
Indeed, o f  the  other two oxygen c o n t a i n i n g  hydrocarbon which could be accura te ly  
measured, a c r o l e i n  and furan, t h e  former e x h i b i t e d  t h e  CO behaviour w i t h  
temperature w h i l e  the  l a t t e r  appeared t o  show t h e  C02 behaviour. 

The y i e l d s  o f  leveglucosan are shown i n  F igure  7. P a r t i c l e  s i z e  and 
f l u i d i z i n g  atmosphere do not a f f e c t  the  y i e l d s .  R e p l o t t i n g  the data aga ins t  
weight loss  o f  the  o r i g i n a l  MCP or c e l l u l o s e  p a r t i c l e s  permits a comparison w i t h  
t h e  y i e l d s  data ob ta ined by o ther  workers f o r  slow p y r o l y s i s .  F igure  8 provides 
the  comparison. Y i e l d s  found i n  t h i s  study were smal le r  by a f a c t o r  of 2 t o  3 
than y i e l d s  measured under slow p y r o l y s i s .  It i s  s u r p r i s i n g  t h a t  t h e  agreement 
among t h e  data o f  d i f f e r e n t  i n v e s t i g a t o r s  i s  so poor. 

The d i f f e r e n c e  between our data and o thers  shown i n  F igure  8 i s  t h a t  
heat ing  and contac t  t imes i n  our study were perhaps an order o f  magnitude 
greater than those used by t h e  others. I f  levoglucosan i s  a pr imary product o f  
c e l l u l o s e  p y r o l y s i s ,  as has been proposed, shor te r  contact  t imes should inc rease 
not decrease y i e l d s .  Ev ident ly ,  a t  h igh  temperatures,  some o f  t h e  c e l l u l o s e  
molecules can be d i r e c t l y  decomposed i n t o  smal le r  weight fragments and these 
free r a d i c a l s  can combine t o  form v o l a t i l e  products.  Levoglucosan would not be 
formed as an i n t e r m e d i a t e  f o r  t h i s  r o u t e  t o  the lower molecular weight 
products. This may be t h e  exp lanat ion  f o r  the d e v i a t i o n  o f  our data from those 
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obtained by Tsuchiya and Somi (1970) and some o f  the  data of Shafizadeh e t  a l .  
(1978a. 1979b). 

Closure o f  the  m a t e r i a l  balances t o  about 2% when MCP was pyro lyzed,  
permi ts  a r e l i a b l e  p i c t u r e  t o  be drawn o f  the  product d i s t r i b u t i o n  between S o l i d  
t a r ,  l i q u i d  and gas f o r  f l a s h  p y r o l y s i s  i n  a f l u i d i z e d  bed. This d i s t r i b u t i o n  
i s  shown as a func t ion  o f  temperature i n  F i g u r e  9. P y r o l y s i s  atmosphere and t h e  
p a r t i c l e  s i z e  o f  c e l l u l o s e  up t o  20 t o  40 mesh do not a f f e c t  the  d i s t r i b u t i o n s .  
The levoglucosan product i s  a l s o  shown. 

It i s  c l e a r  from t h e  f i g u r e  t h a t  t h e  l i q u i d - t a r  f r a c t i o n  o f  the  
products can be maximized by opera t ing  between 450 and 650OC. Higher 
temperatures inc rease gas produc t ion  w h i l e  lower temperatures r e s u l t  i n  l a r g e  
char residues. 

The remarkably s i m i l a r  y i e l d  vs. temperature behaviur saeen i n  F i g u r e s  
3 t o  6 suggest cross p l o t t i n g  o f  the  y i e l d  data. When t h i s  i s  done i t  i s  found 
t h a t  a l l  t h e  p y r o l y s i s  products w i t h  the except ion o f  levoglucosan and o ther  t a r  
components p l o t  as s imple logary thmic  f u n c t i o n s  o f  the  form 

1 

b 
co Y = a Y  

aga ins t  CO y i e l d  (Yco)  or aga ins t  Cop y i e l d .  Examples o f  such p l o t s  appear i n  
f i g u r e s  10 and 11. The func t ions  are independent o f  temperature, gas 
atmosphere, and p a r t i c l e  s ize.  L inear  r e l a t i o n s h i p s  on these l o g - l o g  p l o t s  h o l d  
very cosely from CO y i e l d s  o f  from 0.5 t o  20 weight percent.  Data o f  o ther  

1, s tud ies ,  i n c l u d i n g  Tsuchiya and Sumi (1970) who worked w i t h  slow p y r o l y s i s ,  a l s o  
g i v e  l i n e a r  cross p l o t s  and both f o r  fu ran  and the  l i g h t  hydrocarbons these data 

I agree q u i t e  w e l l  w i t h  what was observed i n  t h i s  study even though the  p y r o l y s i s  
technique d i f f e r e d  s u b s t a n t i a l l y .  Probably then, Equat ion 1 and i t s  parameters 
are independent o f  the  type  o f  f l a s h  p y r o l y s i s  u n i t .  Agreement was poorer f o r  
o ther  products so probably Equation 1 cannot be genera l i zed  t o  slow p y r o l y s i s .  
Y i e l d  r e l a t i o n s h i p  appear t o  o f f e r  a use fu l  means o f  p r e d i c t i n g  product 
d i s t r i b u t i o n  i n  f l a s h  p y r o l y s i s  operat ions.  The r e l a t i o n s h i p s  are developed and 
discussed i n  rnoe d e t a i l  i n  a recent paper by Funazukuri e t  a l .  (1984). 
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F i g u r e  1 M i c r o  F l u i d i z e d  bed p y r o l y s i s  system 
( S c o t t  and P i s k o r z ,  1981) 

F i g u r e  2 C o n s t r u c t i o n  d e t a i l s  o f  
f l u i d i z e d  bed ( S c o t t  
and P i s k o r z ,  1981) 
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F i g u r e  3 L i g h t  gas p y r o l y s i s  
y i e l d  from MCP 
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Figure 4 Yield of l i g h t  hydrocarbon 
from MCP 
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Figure 6 Yield o f  acetone from 
MCP and ce l lu lose  par t ic les  

Figure 5 Yield of acetaldehyde 
from MCP and Cellulose 
p a r t i  c l  es 
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Figure 7 Yield of levoglucosan 
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F i g u r e  8 Levog lucosan  y i e l d  as a 

w i t h  a compar ison w i t h  
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F i g u r e  11 Cross p l o t  of f u r a n  
y i e l d s  and CO y i e l d s  
f r o m  MCP 
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F i g u r e  10 Cross p l o t  o f  l i g h t  h y d r o c a r b o n  
y i e l d s  and CO y i e l d  f r o m  MCP 
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THE PREMIUM COAL SAMPLE PROGRAM AT THE ARGONNE NATIONAL LABORATORY 

Kar l  S .  Vorres  
Chemistry D i v i s i o n ,  B ldg  211 
Argonne N a t i o n a l  L a b o r a t o r y  

9700 South Cass Avenue 
Argonne, I l l i n o i s  60439 

PURPOSE OF THE PREMIUM COAL SAMPLE PROGRAM 

The purpose o f  t h e  Premium Coal Sample Program i s  t o  p r o v i d e  t h e  coal 
science research  community w i t h  l o n g  t e r m  s u p p l i e s  o f  a smal l  number o f  
premium coa l  samples t h a t  can be used as standards f o r  comparison. The 
premium coal  samples produced from each coa l  and d i s t r i b u t e d  th rough t h i s  
program w i l l  be as c h e m i c a l l y  and p h y s i c a l l y  i d e n t i c a l  as p o s s i b l e ,  have w e l l  
c h a r a c t e r i z e d  chemical  and p h y s i c a l  p r o p e r t i e s ,  and w i l l  be s t a b l e  over long 
per iods  of t ime.  Coals w i l l  be mined, t r a n s p o r t e d ,  processed i n t o  t h e  des i red  
p a r t i c l e  and sample s i z e s ,  and packaged i n t o  environments as f r e e  o f  oxygen as 
p o s s i b l e .  Humidl'ty w i i i  a l s o  be c o n t r o i i e d  t o  keep t h e  c o a i s  as p r i s t i n e  and 
i n  as s t a b l e  o f  a c o n d i t i o n  as p o s s i b l e .  

The need f o r  a Premium Coal Sample Program was expressed a t  t h e  Coal 
Sample Bank Workshop h e l d  March 27 and 28, 1981 i n  A t l a n t a ,  Georgia.  

WHAT A PREMIUM SAMPLE IS 

A premium coa l  sample has been s p e c i a l l y  se lec ted ,  processed and s to red  
t o  keep i t  as c l o s e  t o  i t s  o r i g i n a l  c o n d i t i o n  as p o s s i b l e .  S p e c i f i c a l l y :  

0 Contact w i t h  oxygen has been min imized a t  a l l  stages from mining, 
t r a n s p o r t  and p r o c e s s i n g  i n  a n i t r o g e n  f i l l e d  f a c i l i t y  t o  s e a l i n g  
i n  amber c o l o r e d  g lass  v i a l s .  

0 R e l a t i v e  h u m i d i t y  and temperature are  c o n t r o l l e d  i n  t h e  process ing  
f a c i l i t y  t o  m a i n t a i n  t h e  e q u i l i b r i u m  m o i s t u r e  o f  t h e  o r i g i n a l  coal .  

0 U n i f o r m i t y  o f  samples i s  achieved by process ing  about 750 kg of 
coal i n  a s i n g l e  batch, m i x i n g  t h o r o u g h l y  i n  a s p e c i a l  b lender ,  and 
f i n i s h i n g  w i t h  a s p i n n i n g  r i f f l e r  t o  assure we l l -m ixed samples. 
A c t i v a t i o n  ana lyses  have conf i rmed t h e  thoroughness o f  t h e  mix ing .  

S t a b i l i t y  o f  t h e  samples i s  maximized by s e a l i n g  i n  amber-colored 
g lass  w i t h  a f u e l - r i c h  hydrogen-oxygen f lame. 

Secure, l o n g - t e r m  s u p p l i e s  r e s u l t  f rom an i n i t i a l  p r o d u c t i o n  o f  
10,000 f i v e  gram ampoules and 5,000 twenty  gram ampoules w i t h  50 
f i v e  g a l l o n  sea led  g lass  carboys i n  reserve  f o r  f u t u r e  ampoule 
p r o d u c t i o n  from each m e t r i c  t o n  sample o f  coal .  

Some S p e c i a l  needs can be met f rom lumps s t o r e d  i n  argon i n  two 
reserve 55 g a l l o n  drums, and one 15 g a l l o n  drum as p a r t  o f  t h e  
o r i g i n a l  sample. A separa te  n i t r o g e n  f i l l e d  g love  box w i l l  be used 
f o r  p r o c e s s i n g  t h e s e  requests.  
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SELECTION, M I N I N G ,  AND TRANSPORT 

I n i t i a l l y  t h e  coa ls  have been s e l e c t e d  t o  cover  a wide range of degrees 
o f  c o a l i f i c a t i o n ,  m i n e r a l  con ten t ,  and s u l f u r  con ten t  as w e l l  as commercial 
s i g n i f i c a n c e .  The f i r s t  t h r e e  w i l l  be low-, medium- and h i g h - v o l a t i l e  

'b i tuminous coals. The nex t  two a r e  planned t o  be l i g n i t e  and sub-bi tuminous 
coals.  These samples w i l l  be channel samples, r e p r e s e n t i n g  a un i fo rm c r o s s  
s e c t i o n  o f  t h e  seam from t o p  t o  bottom. Min ing ,  under t h e  s u p e r v i s i o n  o f  coal  
g e o l o g i s t s ,  i n v o l v e s  removal o f  l a r g e  lumps f r o m  a f r e s h l y  exposed face t o  
s p e c i a l  p l a s t i c  con ta iners ,  t r a n s f e r  t o  s t a i n l e s s  s t e e l  drums a t  t h e  sur face ,  
p u r g i n g  w i t h  argon, t r a n s f e r  t o  r e f r i g e r a t e d  t r u c k  and immediate t r a n s p o r t  t o  
t h e  process ing  f a c i l i t y .  A c a r e f u l  d e s c r i p t i o n  o f  t h e  geology of t h e  sample 
area and l o c a t i o n  w i l l  be prepared and a v a i l a b l e  as a r e f e r e n c a b l e  document. 

SAMPLE PROCESSING 

A t  t h e  process ing  f a c i l i t y ,  a sample o f  argon f rom t h e  c o a l  drum w i l l  be 
analyzed t o  e s t a b l i s h  t h e  r e l a t i v e  h u m i d i t y  f o r  t h e  n i t r o g e n  f i l l e d  p r o c e s s i n g  
f a c i l i t y .  The s t a i n l e s s  s t e e l  drums w i l l  be loaded i n t o  an a i r l o c k ,  which i s  
t h e n  purged w i t h  n i t r o g e n .  The drums w i l l  be empt ied i n t o  a c r u s h e r  t o  reduce 
t h e  s i z e  t o  1/4", then p u l v e r i z e d  i n  a coo led  impact m i l l  t o  o b t a i n  -20 mesh 
m a t e r i a l .  Coarse m a t e r i a l  w i l l  be recycled. The p u l v e r i z e d  m a t e r i a l  w i l l  be * 

c o l l e c t e d  i n  a n i t r o g e n  f i l l e d  mixer -b lender  s e l e c t e d  f o r  g e n t l e  b u t  thorough 
mix ing .  A f t e r  thorough m i x i n g  t h e  p u l v e r i z e d  c o a l  w i l l  be conveyed t o  a 
s p i n n i n g  r i f f l e r  and sea led  i n  20 gram ampoules and 5 g a l l o n  g lass  carboys. 
The conten ts  o f  some o f  t h e  carboys w i l l  t h e n  be r e c y c l e d  t o  t h e  p u l v e r i z e r  
and crushed t o  pass a 100 mesh screen. A f t e r  thorough b l e n d i n g  t h i s  m a t e r i a l  
w i l l  be conveyed t o  t h e  packaging u n i t  f o r  s e a l i n g  i n  5 gram amber c o l o r e d  
ampoules and 5 g a l l o n  b o r o s i l i c a t e  g lass  carboys. One o f  t h e  goa ls  o f  t h e  
Program i s  t o  complete t h e  process ing  w i t h i n  seven days o f  expos ing  t h e  mine 
face. F i g u r e  1 i n d i c a t e s  t h e  coal  s to rage system f o r  a m e t r i c  t o n  sample. 
F i g u r e  2 i s  a b lock  diagram o f  t h e  coal  sample p r e p a r a t i o n .  

CHARACTERIZATION 

The coa ls  w i l l  be c h a r a c t e r i z e d  by chemical and p h y s i c a l  a n a l y s i s .  
R e s u l t s  w i l l  be a v a i l a b l e  f o r  each coal  i n  t h e  fo rm o f  a p r i n t e d  sample 
announcement. Requests t o  be p laced on a m a i l i n g  l i s t  shou ld  be sent  t o  t h e  
au thor .  The requestor  should i n c l u d e  m a i l i n g  address, te lephone number and 
research  i n t e r e s t s .  

The analyses w i l l  i n c l u d e  proximate,  u l t i m a t e ,  c a l o r i f i c  values, s u l f u r  
forms, e q u i l i b r i u m  mois tu re ,  oxygen by neut ron  a c t i v a t i o n  a n a l y s i s ,  maceral 
a n a l y s i s ,  G i e s e l e r  p l a s t i c i t y  f o r  t h e  b i tuminous  coa ls ,  and minera l  m a t t e r  
ma jor  elements among o t h e r s .  M u l t i p l e  l a b o r a t o r i e s  w i l l  be i n v o l v e d  i n  t h e  
analyses. Round r o b i n  analyses a r e  a l s o  be ing  organized. 

A v a r i e t y  o f  s t a b i l i t y  m o n i t o r i n g  t e s t s  w i l l  be used i n c l u d i n g  e v o l v e d  
gas a n a l y s i s .  I n  a d d i t i o n  t h e  b i tuminous  samples w i l l  be m o n i t o r e d  by 
r e p e t  i t i ve G i e s e l e r  p l a s t i c i t y  analyses. 
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AVAILABILITY 

I n i t i a l  samples a r e  expected t o  be a v a i l a b l e  i n  f a l l ,  1984. Samples w i l l  
be made a v a i l a b l e  t o  research personnel  a t  a nominal replacement cos t .  A 
spec ia l  g love box f i l l e d  w i t h  n i t r o g e n  i s  a v a i l a b l e  t o  t r a n s f e r  conten ts  o f  
ampoules t o  s p e c i a l  sample h o l d e r s  on request.  Also,  a very l i m i t e d  q u a n t i t y  
of  lump coal ,  s t o r e d  under s i m i l a r  i n e r t  c o n d i t i o n s  w i l l  be a v a i l a b l e  on 
spec ia l  request f o r  s p e c i a l  p h y s i c a l  p r o p e r t y  measurements. The process ing  
f a c i l i t y  can be made a v a i l a b l e  f o r  occas iona l  p rocess ing  o f  s p e c i a l  samples. 

INFORMATION ON SAMPLES 

Each r e c i p i e n t  o f  samples i s  asked t o  p r o v i d e  e i t h e r  a l i t e r a t u r e  
re fe rence t o  papers i n  w i d e l y  c i r c u l a t e d  j o u r n a l s ,  o r  a copy o f  l ess  w ide ly  
c i r c u l a t e d  r e p o r t s  and papers, t o  be shared w i t h  o t h e r  users  o f  t h e  samples. 
L i s t i n g s  o f  these re fe rences  w i l l  be a v a i l a b l e  on request t o  the  au thor  (phone 
312-972-7374) e i t h e r  i n  p r i n t e d  vers ions  o r  v i a  computer t e r m i n a l .  The 
Premium Coal Sample Program expects t o  work w i t h  o t h e r  coa l  sample programs i n  
p r o v i d i n g  samples and s h a r i n g  i n f o r m a t i o n .  

F o l l o w i n g  t h e  r e p o r t s  f rom the  use o f  o f  a number o f  samples, workshops 
a r e  planned t o  f a c i l i t a t e  s h a r i n g  research  r e s u l t s  and t o  f o s t e r  b a s i c  under- 
s t a n d i n g  o f  t h e  chemis t ry  and p h y s i c a l  p r o p e r t i e s  o f  t he  coa l .  

USERS A D V I S O R Y  COMMITTEE 

A Users Adv isory  Committee prov ides  use fu l  suggest ions  t o  t h e  Program 
Manager. T h i s  group i n c l u d e s :  D r .  B l a i n e  C e c i l ,  U. S. Geo log ica l  Survey; 
D r .  Marvin Poutsma, Oak Ridge N a t i o n a l  Labora tory ;  D r .  Ronald Pugmire, 
U n i v e r s i t y  o f  Utah; Dr.  W i l l i a m  Spackman, Pennsy lvan ia  S t a t e  U n i v e r s i t y ;  
D r .  I r v i n g  Wender, U n i v e r s i t y  o f  P i t t s b u r g h ;  D r .  Randal l  Winans, Argonne 
Nat iona l  Labora tory ;  Dr.  John Young, Argonne N a t i o n a l  Labora tory .  
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Figure 1. Coal storage system. 
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Figure 2. Coal Sample Preparation - Block Diagram 
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